S tructure-based drug design (SBDD) approaches that aim at developing novel antibacterial and antiviral drugs are fueled by a steep increase in functional and structural knowledge about RNA molecules. For these SBDDs to be successful, accurate and efficient docking and scoring methods must be available. While the past 30 years have seen great progress in the development of docking tools to predict proteinÀligand interactions, 1,2 much less has been achieved in terms of efficiently and accurately modeling RNAÀligand interactions. The current approaches can be divided into three groups. First, computationally intense methods combine docking and molecular dynamics simulations. 3À6 Second, methods originally developed for protein-based drug design are subsequently applied to RNA. For example, Kuntz and co-workers used the DOCK program to identify small molecules with binding specificity to an RNA double helix. 7,8 Third, applications that have been newly developed for RNAÀligand complexes. These include regressionbased scoring functions by Morley and Afshar 9 and James and coworkers 10 or a RNA-specific free energy function by Barbault et al. 11 For all of these functions, only a limited number of RNAÀdrug complexes were used for parametrization. Hence, the general applicability and predictive power of these functions remain elusive. 12 This provided the incentive for us to develop a knowledge-based scoring function to predict RNAÀligand interactions (DrugScore RNA ). 13 DrugScore RNA is based on the formalism of Drug-Score, 14 previously developed to score proteinÀligand interactions. For DrugScore RNA , distance-dependent pair potentials have been derived from 670 crystallographically determined nucleic acidÀligand and Àprotein complexes. When used as an objective function in connection with AutoDock for redocking of 31 RNAÀligand complexes, "good" binding geometries (rmsd < 2 Å) were identified in 42% of all cases on the first scoring rank.
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The flexible nature of RNA 15 provides a formidable challenge to standard docking approaches and calls for new developments that consider target conformational changes upon ligand binding. 16 Analogous to proteinÀligand docking, 17 three major classes of approaches are conceivable. 12 First, plasticity can be implicitly considered applying a soft-docking strategy with attenuated repulsive forces between target and ligand, but the range of possible movements that can be covered this way is rather limited. Second, only shifts of a few nucleotides are modeled, which assumes a rigid RNA backbone. This seems appropriate only in a limited number of cases, for example, the ribosomal A site. 18 Third, backbone motions are taken into account. This approach is necessary to deal with conformational changes, for example, observed upon binding to HIV-1 TAR RNA. 19, 20 So far, only two approaches that fall into this class and are fast enough to allow for flexible RNA virtual screening have been introduced, a method by Guilbert and James, 21 which allows for the mutual conformational adaptation of flexible ligands and flexible targets by energy minimization, and a method by Moitessier et al., 22 which combines multiple RNA conformations at the level of interaction grids.
Thus, in the present study, we set out to evaluate whether our approach of elastic potential grids, 23 previously developed for proteinÀligand docking, provides an accurate and efficient ABSTRACT: The highly flexible nature of RNA provides a formidable challenge for structure-based drug design approaches that target RNA. We introduce an approach for modeling target conformational changes in RNAÀligand docking based on potential grids that are represented as elastic bodies using Navier's equation. This representation provides an accurate and efficient description of RNAÀligand interactions even in the case of a moving RNA structure. When applied to a data set of 17 RNAÀligand complexes, filtered out of the largest validation data set used for RNAÀligand docking so far, the approach is twice as successful as docking into an apo structure and still half as successful as redocking to the holo structure. The approach allows considering RNA movements of up to 6 Å rmsd and is based on a uniform and robust parametrization of the properties of the elastic potential grids, so that the approach is applicable to different RNAÀligand complex classes.
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RNAÀligand interactions, flexible docking, DrugScore, elasticity theory, structure-based drug design ACS Medicinal Chemistry Letters LETTER means for representing intermolecular interactions in fully flexible RNAÀligand docking. The underlying idea is to adapt a 3D grid of potential field values, precalculated from an initial RNA conformation by DrugScore RNA , to another conformation by moving grid intersection points in space, but keeping the potential field values constant. For this, RNA movements are translated into grid intersection displacements by coupling RNA atoms to nearby grid intersection points and modeling the 3D grid as a homogeneous linear elastic body applying elasticity theory. 24, 25 More specifically, by solving Navier's equation (see eq 1 in ref 23) , we compute the displacement u B of a point in the body (in our case, a grid intersection point) due to forces F B exerted at some other regions (in our case, due to protein movements). The relation between u B and F B is influenced by the modulus of rigidity G and Lam e's constant λ, which determine the elastic properties of the body. 25 The elastic body-deforming forces F B = k 3 d B are computed according to Hooke's law, with k being a force constant that describes the stiffness of harmonic springs that couple grid intersection points to nearby RNA atoms and d B being movements of these atoms. An efficient interpolation scheme translates RNAÀligand interactions from the irregular, deformed 3D grid to a new lookup table. Interaction energies between ligand and RNA are then determined from this lookup table. In contrast to using static 3D grids, that way new RNA conformations can be accommodated during a docking run without the need to recalculate potential field values. A more technical description of the method is given in the Supporting Information of ref 23 .
For parametrizing the elastic potential grid, the relation between the force constant k and the modulus of rigidity G was determined by a training procedure as described in ref 23 . In agreement with ref 23, Lam e's constant λ, which is linked to the description of expansion or contraction of an elastic body perpendicular to an applied force, is set to zero. For the training, we used 27 RNAÀligand complex structures from nine different types of RNA, namely, aptamer and riboswitch RNA, 16S E. coli rRNA, 23S H. marismortui rRNA, 16S T. thermophilus rRNA, HIV-1 TAR RNA, DielsÀAlder ribozyme RNA, dimerization initiation site of HIV-1 RNA, and the ribosomal decoding A site RNA (Table S1 in the Supporting Information). To some extent, these structures have served already in previous evaluations of fully flexible docking approaches 21, 22 and represent RNA movements ranging from base flipping (16S E. coli rRNA) to backbone deformations (aptamer RNA). For 27 deformations of potential grids according to experimentally determined RNA movements across the nine different target classes, the ratio k/G was found to be 29.45 ( 0.19 ( Figure S1 in the Supporting Information). For comparison, for proteinÀligand complexes, a ratio k/G = 30.00 ( 0.24 has been determined. 23 This result is encouraging because it demonstrates that the parametrization of our approach is transferable between different RNAÀligand complex classes, irrespective of the kinds of conformational changes observed. At the same time, it reveals that for conformational changes due to ligand binding, which are modeled in terms of elastic deformations of binding site regions, almost identical parameters are obtained for proteins and RNA. This means that our approach should be applicable, too, if the target is a RNAÀprotein complex.
Docking into elastic potential grids was evaluated using a modified version of AutoDock4.1.6 26, 27 as a docking engine and DrugScore RNA13 as a scoring function. This combination has already proven reliable in a "redocking" evaluation. 13 Initially, the evaluation data set consisted of in total 60 holo structures as well as one apo structure for each of 11 RNA types ( Table S2 in the Supporting Information). All RNA targets are characterized by pronounced movements upon binding, including backbone and base movements. To the best of our knowledge, this data set is the largest data set reported so far for the evaluation of an RNAÀligand docking study, with some of the structures having been used in related studies. 9, 13, 28 In a first redocking experiment, a success rate of 28% was obtained ( Table S2 in the Supporting  Information) . Notably, successful dockings reported for RNAÀligand complexes in other studies could mostly be reproduced. Thus, the low success rate obtained for the present data set demonstrates a considerable data set dependence of RNAÀligand docking success and calls for the use of comprehensive evaluations data sets in general. For some RNA classes, no good docking solution was found at all ( Table S2 in the Supporting Information). Possible reasons for failing to dock to RNA are an inappropriate treatment of electrostatic interactions or disregarding RNAÀligand contacts mediated by water. 12 Consequently, we selected a subset of 17 holo structures for our evaluation data set where docking the ligands back into the bound RNA structures ("redocking") was successful in all cases. These structures comprise six different classes of RNAÀligand complexes (16S E. coli rRNA, aptamer RNA, 23S H. marismortui rRNA, 16S T. thermophilus rRNA, HIV-1 TAR RNA, and thi-box riboswitch RNA). Because of the limited number of cases where redocking was successful, 15 out of the 17 structures have already been used in the parametrization of the elastic potential grid. However, we do not expect a strong training effect when using these complexes for docking into deformed grids based on the facts that (i) almost no variation was found in the optimized parameter k/G across the training set structures, and (ii) almost identical k/G values are found for RNAÀligand and proteinÀ ligand systems. This shows that k/G and, hence, the elastic grid parametrization, is not system-specific. In contrast to redocking, docking to the apo structures largely failed in these cases (success rate 24%; Table 1 ; Table S3 in the Supporting Information). The "redocking" results for the subset thus illustrate that the combination of docking engine and scoring function used here is appropriate, whereas it is the conformational changes of the RNA structures that deteriorate the success rate in the case of "apo docking".
Next, we evaluated the performance for docking into deformed potential grids. DrugScore RNA potential values on the grids were initially calculated based on the apo RNA structure. a The number of complexes is given for which a ligand configuration with e2.5 Å rmsd from the native structure was found on the first rank of the largest cluster of docking solutions. b The number of complexes for each RNA type is given in parentheses. I, 16S E. coli rRNA; II, Aptamer RNA; III, 23S H. marismortui rRNA; IV, 16S T. thermophilus rRNA; V, HIV-1 TAR RNA; and VI, Thi-box riboswitch RNA. c Docking the ligand back into its holo RNA structure. d Docking the ligand into an apo RNA structure. e Docking the ligand into a deformed grid whose potential values were calculated based on an apo RNA structure and which was subsequently deformed following RNA movements from the apo to the ligand's holo RNA structure.
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The grids were then deformed following RNA movements from the apo to a holo conformation, using k/G = 30.00 for each complex. As a result, the precalculated potential values from the apo conformation are shifted to new locations in the holo conformation. If the shifting is successful, we expect docking to the deformed grids to be as accurate as "redocking" into the holo structure. Convincingly, this is indeed true for 53% of the data set (Table 1 ). For three of the RNA classes, no improvement could be achieved, however. This did not change either if complexspecific k/G values ( Figure S1 in the Supporting Information) were used instead of k/G = 30.00, again demonstrating the general validity of this ratio ( Table S3 in the Supporting Information). In the following, we will analyze in more detail these docking successes and failures. An example of successful docking into deformed potential grids is depicted in Figure 1 . For docking gentamicin C1a into the 16S E. coli rRNA, combined backbone and base motions must be modeled. Figure 1 shows that the RNA movements upon ligand binding are very well accommodated by the deformed potential grids, which were generated from the apo structure (PDB code: 2I2U) and deformed toward the bound structure (PDB code: 2ET3).The grid deformation results in grid intersection point displacements of maximal 1.31 Å ( Figure S2 in the Supporting Information). Especially, the movement of the flipped-out adenine "drags along" the repulsive field for aliphatic carbon and opens a funnel-like space, which eventually allows docking of gentamicin C1a with 1.2 Å rmsd to the native structure.
The above data demonstrate as a proof-of-principle that, if the RNA movement is known, docking into deformed potential grids is about twice as successful as docking into an apo structure (9 vs 4 successful cases, Table 1 ) and still about half as successful as docking to the respective holo structure (9 vs 17 successful cases, Table 1 ). We note that the deformed potential grids were generated from the apo structure, and "apo docking" is usually considered to be more difficult than docking to another holo structure or an average structure of the target. 12 In fact, the median rmsd of binding pocket regions of the respective apo and holo RNA structures in the evaluation data set is 2.60 Å. For comparison, a success rate of "good" binding geometries of 74% was found by the approach of Guilbert and James when tested on 57 RNAÀligand complexes. 21 When applied to 23 complexes in common with the present study, this rate drops to 67%. This finding again illustrates a data set dependence of such results. Furthermore, it is not clear to what extent the preparation of the docking data contributed to this success. Ligands were "stripped" from the receptor and, after minimization in vacuo, only randomly rotated twice. No randomization of torsion angles was reported. In the first step of the docking protocol, the ligand was then placed on "hot spots" of the receptor, essentially resembling a docking of a rigid ligand into a rigid receptor. As the ligand had not been purposefully distorted with respect to its bound conformation in the preparation step, it may thus not come as a surprise that good starting structures for the subsequent energy minimization step were generated that way. 16 As already observed in the case of proteinÀligand complexes, 23 it is the type of motion that influences the docking success in the case of elastic potential grids more strongly than the magnitude of motion. While our approach does allow one to consider backbone and base motions simultaneously, limitations of the approach become obvious if base movements are predominantly governed by rotational flip motions or if nucleotide movements lead to an exchange of interaction types, for example, H-bond donor vs acceptor. These types of movements cannot be modeled well by elastic deformations of potential grids: Although Figure 1 . Docking of gentamicin C1a into potential fields generated from the 16S E. coli rRNA apo structure (PDB code: 2I2U) but deformed to the holo structure (PDB code: 2ET3). The overall binding site region of 2ET3 has moved by 1.43 Å rmsd, whereas the region containing the A1493 flip has moved by 6.22 Å rmsd with respect to that of 2I2U, respectively. Repulsive potential fields for aliphatic carbon and nucleotide conformations of 2I2U are depicted in blue. Deformed potential fields and nucleotide conformations of 2ET3 are depicted in orange. Aside from base movements, backbone motion can also be observed. Gentamicin C1a carbon atoms are displayed in green for the native structure and magenta for the solution found for docking into the deformed grids (rmsd to the native structure: 1.2 Å). Note how the most significant movement, an adenine flip, "drags along" the potential field. Figure 2 . Sparsomycin (green) binding to 23S rRNA (cyan; PDB code: 1VQ8). The apo structure of 23S rRNA is depicted in yellow (PDB code: 1FFK). Repulsive potential fields for aliphatic carbon are depicted in cyan in the case of the holo structure; repulsive potential fields for aliphatic carbon generated from the RNA apo structure but deformed to the holo structure are depicted in orange. Note that even after the deformation due to the rotational flip motion of A2637, repulsive potential field values remain at the location of sparsomycin's thymine moiety.
grid intersection points can change their location, the grid topology (i.e., the ordering of grid intersection points) cannot be changed.
An example in that respect is given by sparsomycin binding to 23S H. marismortui rRNA upon which A2637 moves by 4.66 Å rmsd following a curvilinear path ( Figure 2 ). Accordingly, while the deformed potential grids around the final A2637 position resemble very well those of the holo structure, grid points with repulsive potential field values still occupy the position of sparsomycin's thymine moiety even after the deformation. The fact that the maximal displacement of grid intersection points is 0.81 Å ( Figure S3 in the Supporting Information) in this case, as compared to 1.31 Å for 16S rRNA, stresses that the type of motion is indeed the limiting factor here and not its magnitude. Instead of modeling the A2637 movement by elastic grids, excising grid regions close to the A2637 and carrying along these regions with the moving part should provide a more satisfying solution in this case.
Another limitation arises from the fact that our present approach does not allow one to model the creation of highly electronegative pockets for binding of positively charged groups, as often observed to occur in RNA by juxtaposing multiple phosphate groups in space. As we only move grid intersection points in space but keep the potential field values constant, no location in a deformed grid can have a more negative potential than the most negative value in the apo structure. Encouragingly, however, no correlation between the positively charged nature of a ligand and failure of docking into deformed grids was found ( Table S3 in the Supporting Information): Considering only those cases where apo docking had failed, 5 out of 10 cases of docking highly (g3 e) positively charged ligands into deformed grids failed, too. However, also 2 out of 2 cases of neutral ligands failed.
At present, a key limitation of our approach is that the end states of deformations of the elastic potentials grids need to be known. However, we have demonstrated recently that molecular dynamics and constrained geometric simulations showed a tendency to sample bound HIV-1 TAR RNA conformations even when started from the unbound TAR RNA structure. 16 Notably, structural deviations could be reduced by up to 2.3 Å rmsd when compared to deviations between experimental structures. Furthermore, the simulated TAR RNA conformations were used successfully as receptor structures for docking. 16 With respect to the work presented here, receptor conformations generated by simulation techniques should thus provide attractive target conformations to which elastic potential grids generated from an apo conformation can be deformed to, without having to take the time to recompute the potential grids for each receptor conformation. In addition, our approach would also allow deforming grids to intermediate conformations in between the apo and a target structure as well as to conformations obtained from linear combinations of vectors of structural deviation between apo and multiple target structures. This is expected to be superior to parallel docking into an ensemble of fixed receptor structures. Research along these lines is underway in our laboratory.
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